In-vitro experimental analysis and numerical study of temperature in bone drilling
Introduction
General orthopaedic and traumatological surgery and dentistry commonly involve cutting of bone. Several mechanical operations such as sawing [1] , plane cutting [2] and drilling [3, 4] are widely used in bone surgical procedures. Penetration of hard surgical tools may induce mechanical [5, 6] and thermal damage [7] in bone, affecting its integrity and strength of fixation. High-speed drilling in bone involves a complex process of chip formation, which results in elevated temperatures in bone tissue. Thermal osteonecrosis is one of serious consequences of bone-drilling process [7, 8] . According to the literature, the average temperature inducing necrosis in bone was between 47 • C to 70 • C [7] . Elevated temperature decreases osteoblastic activity and causes dehydration, which may contribute to death of bone cells [7] . Necrotic cells may adversely affect a bond between fixative devices attached to the bone. Recent reviews on bone-drilling process briefly presented mechanics of bone drilling and associated postoperative complications [7, 9] . One of the important factors reducing bone temperature during drilling operations is saline irrigation (cooling) [7, 10, 11] . The use of internal or external cooling with saline solution can also reduce friction between the drill and the drilled bone and helps in keeping the drilling track clear of bone debris and prevents flutes of the drill bit from clogging.
Temperature measurement in bone drilling was a focus of many research studies. Several studies reported thermal data on bone drilling acquired using experiments and numerical simulations. Most of research conducted was experimental, with bone temperature measured using thermocouples [12, 13] or infrared thermography [14, 15] . In a recent study by the authors [15] , temperature in drilling with vibration superimposed on a drill bit was measured using a non-contact method (infrared thermography) without cooling. The study, however, did not investigate a thermal response of the bone to the drilling process by means of numerical simulations. Some recent studies performed numerical modelling to predict a level of temperature rise in conventional bone drilling [10, 16] . A comprehensive review of the recent advances in numerical modelling of the bone-cutting process is presented in [17] . Significant variations in experimental thermal data obtained in previous studies were mainly due to the use of different drilling parameters, bone types, data acquisition systems and the use of saline solutions at different operating temperatures. Also, most numerical studies reporting thermal data on bone drilling used properties of bone obtained from various sources available in the literature. Unavailability of consistent data to an expert in the field could not provide adequate understanding necessary to enhance the current state of the procedures. Conflicting results in thermal data on bone drilling necessitate a development of a more realistic approach to obtain reliable results.
A comprehensive analysis of the bone-drilling process using experiments and numerical simulations is important to estimate the thermal threshold level for bone tissue. To the authors' knowledge, studies of temperature in bone drilling with saline solutions at different temperatures were never reported before. Expensive setups, anisotropic properties of bone, complex kinematics involved in the drilling process and limitations of available finite-element (FE) codes prevented researchers from conducting combined experimental and numerical studies of the process. This paper presents experimental analysis and FE simulations used to measure the level of bone temperature in in-vitro drilling in the presence of external irrigation with two different temperatures. The effect of drilling speed and feed rate on bone temperature was measured and discussed.
Materials and methods

Experiments
Cortical bone excised from a diaphysis of a femoral shaft was used in experiments. Specimens were cleaned from soft tissues attached to the surface. The level of temperature of specimens was measured and found to be approximately 20 • C. Each specimen could accommodate minimum of twenty holes with diameter 4 mm. The experiments were carried out on a three-axis CNC milling machine (Wadkin Machine Tools, UK). The maximum spindle speed of the machine was 10,000 rpm and the feed rate 10 m/min. During experiments, the specimens were hold firmly in a fixture of the milling machine. A Ktype thermocouple (Thermometrics, Northridge, USA) with a wire diameter of 127 µm and a response time of 10 µs was used. The thermocouple was placed at a depth of approximately 4 mm from the bone surface, with its bead at a distance of 1 mm from the drilling track. A thermo-conductive paste (Omega, OT-201-2) was used to ensure rigid placement of the thermocouple in the bone. The tope surface of the hole drilled for a thermocouple was covered with water-resistant paste. The temperature data was acquired using a FMSDL48 (Glasgow, UK) data logger system.
A standard Ø4 mm twist drill made of steel was used in all experiments. Its cutting-edge and rake angles were measured and found to be 65 • and 20 • , respectively. The helix angle of the drill was 23 • and the point angle was 120 • . The drilling speed and feed rate were changed from 1000 rpm to 3000 rpm and 30 mm/min to 70 mm/min, respectively. These parameters were chosen since they were widely reported in the literature on drilling of bone [13, 18, 19] . Some research studies used the drilling speed up to 10000 rpm or above in bone-drilling experiments [3, 20] but this did not become a common practice. A schematic of the used experimental set up is shown in Fig. 1 . The temperature level was measured in experiments when the cutting edges of the drill bit were passing near the bead of the thermocouple. The maximum temperature was observed when the drill approached the thermocouple's location. Each data point in the subsequent plot of experimental results is the average of three consecutive tests with similar drilling conditions. Tape water at two different temperatures (5 • C and 25 • C) was supplied to the drilling area using a plastic hose; the volume flow rate was kept constant at 200 ml/min.
FE modelling
A fully thermo-mechanically coupled FE model of the bone-drilling process was developed using MSC MARC software. A specimen of cortical bone was modelled as a cylindrical workpiece discretised with some ten thousand tetrahedral elements. The developed FE model comprised the workpiece (bone) and the drill. The bottom of the workpiece was constrained for all degrees of freedom, and the drill was rotated about is longitudinal axis; the feed was applied to the drill. The cooling condition in FE model was introduced as convection on the bone body (workpiece). The ambient temperature was changed according to the temperature of the cooling medium.
Frequent remeshing was used in simulations to avoid convergence issues associated with high deformations in a process zone in cutting. Separate simulations were run to obtain better convergence and smooth contours, varying mesh densities were tried to minimize the total number of elements and nodes for computational efficiency. Eventually, each simulated interval was subdivided into 1,000 time increments of 1.25 × 10 −6 s to achieve convergence. From our initial simulations, the analysis was found to diverge between increments 7 and 10 depending on cutting parameters. Therefore, remeshing was forced after every 5 increments in the work piece and chip volumes, providing generation of a new mesh. Analysis converged for the element's edge length between 0.01 mm to 0.015 mm. To assess the effect of mesh density on the numerical results, the element's edge length was varied between the prescribed magnitudes. Since the difference in the calculated temperatures was below 2%, elements with a larger edge length (0.015 mm) were used in simulations for computational efficiency. As the mesh density was controlled by a fixed value of the element's edge length, the number of elements was almost the same in the subsequent remeshing steps. To check the contact stability in the iteration process, the motion of nodes was automatically controlled with regard to their penetration of a surface by a certain amount. Each simulation took about two hours of on an Intel core i7 workstation with 5 GHz and 4 GB RAM.
The bone was considered as isotropic homogeneous material; its physical properties were taken from recent studies on bone cutting [10, 21] . Tension tests were performed at various strain rates to quantify Fig. 1 . Schematic of experimental set up for temperature measurements in drilling.
Fig. 2. Temperature evolution in experiments (irrigation temperature -25
• C, drill speed -2500 rpm, feed rate -50 mm/min). a post-yield behaviour and strain rate-sensitivity of cortical bone using dog-bone-shape specimens. The obtained data was used to identify parameters of the Johnson-Cook (JC) material model; details of this procedure are briefly discussed in [22] . Values of thermal conductivity and specific heat of bone were taken from literature; Table 1 shows the properties of cortical bone used in the developed FE model. The drill size, drilling speed and feed rate used in FE simulations were the same as used in experiments. The maximum stress obtained for cortical bone in tension test (140 MPa) was assigned as a criterion for material separation ahead of the drill's cutting edges. The shear-friction model was chosen for simulations. In numerical simulations, the maximum temperature was noted in the chip location rubbing against the rake of the cutting edges of the drill and, therefore, was not considered in the results. The temperature data for bone around the drill were considered for the same location as that of the thermocouple used in the experiments. The level of temperature in numerical simulations stabilized when the chip was fully developed.
Results
In experiments, the temperature attained a plateau when the drill passed the thermocouple location. Temperature evolution in bone in experiments is shown in Fig. 2 . Two different cooling conditions described earlier were used in experiments and numerical simulations to study the effect of drilling speed on the maximum bone temperature. The feed rate was fixed at the value of 50 mm/min to measure the effect of drilling speed on bone temperature alone. The maximum bone temperature was directly proportional to the drilling speed for both cooling conditions. The influence of drilling speed on bone temperature using two different cooling conditions is shown in Fig. 3 . The bone temperature was observed to increase from 35 • C to 55 • C when drilling speed was increased from 1000 rpm to 3000 rpm in experiments using irrigation with water at 25 • C. A similar trend was also predicted in numerical simulations. Using water irrigation at 5 • C in experiments, the bone temperature was increased from 14 • C to 32 • C when drilling speed was varied from 1000 rpm to 3000 rpm. The temperature dropped by almost 40% when cooling with 5 • C was used instead of 25 • C in experiments as well as in simulations using a drill speed of 3000 rpm.
The effect of feed rate on temperature was also studied. The drilling speed was fixed at 2000 rpm to find the effect of feed rate on maximum bone temperature. The temperature was found to vary linearly with the feed rate both in experiments and simulations. The effect of feed rate on bone temperature using two cooling conditions is shown in Fig. 4 . The bone temperature was observed to grow from 32 • C to 52 • C when the feed rate was increased from 30 mm/min to 70 mm/min in experiments using irrigation with water at 25 • C. In numerical simulations, using a similar range of feed rate and cooling conditions, the calculated temperature was found to increase from 30 • C to 49 • C. The temperature dropped by more than 30% when cooling with 5 • C was used instead of 25 • C in experiments as well as in simulations with the highest feed rate used in this study.
The variation of bone temperature with distance away from the cutting lips of the drill along the line perpendicular to the drilling direction was found both experimentally and using simulations for the prescribed cooling conditions. Initially, the bone temperature was measured with thermocouples placed at a distance of 1 mm from the cutting region in experiments. Then, this distance was increased by intervals of 1 mm up to a distance of 5 mm in the subsequent experiments. Temperature values presented in the respective plots of FE results represent average magnitudes of three temperature measurements obtained from different nodes at a distance of 1 mm from the cutting edges around the drill. The highest value of drilling speed (3000 rpm) was used to find the temperature variation in the bone away from the cutting region. The temperature was found to diminish significantly when the distance from the cutting region was increased as shown in Fig. 5 . In simulations, the temperature was calculated at the same distances from the cutting lips of the drill as in experiments in the radial direction. The temperature was calculated when the chips were fully generated and the temperature level stabilized.
Results from analysis of variance (ANOVA) for the experimental data are shown in Table 2 . It can be seen from 'F' and 'p' values that all three factors (drill speed, feed rate, and coolant temperature) have significant effect on bone temperature with coolant temperature being the most significant. 
Discussion
The temperature predicted in the simulations followed the same trends as those measured in the drilling experiments. The obvious reason for obtaining close results was the use of the same bone used in experiments and acquiring mechanical and thermal data for numerical model. However, some differences between the experimental and numerical results were found, which may be attributed to the remeshing of elements during simulations of the cutting process and inherent errors in experimental measurements. The latter were mainly due to small vibrations in the drilling zone and partial crushing of the thermocouple bead with the bone chips. In machining of materials, the heat generation is proportional to the rate of material deformation. The temperature rise with the increase in the drill speed was caused by the growth of the deformation rate ahead of the cutting edges of the drill. Similarly, the reason for the rise in bone temperature with the growing speed of the drill penetration (feed rate) into the specimen was the rise in the friction between the drill and the bone. The reason behind a significant drop of temperature away from the cutting region was the low heat transport capability of the bone tissue [23, 26] .
If the lowest value (47 • C) of the threshold temperature for necrosis reported in the literature is considered, then it will occur if the drill speed and feed rate exceed 2000 rpm and 60 mm/min, respectively, with cooling at 25 • C. On the other hand, if irrigation was performed at 5 • C, the calculated temperatures were found to be well below the necrotic level for all the studied drilling parameters. Cooling the drilling region with water at 5 • C was sufficient to carry away most of the heat generated at the drill/bone interface and may be the choice for surgeons when drilling hard portions of bones. The results obtained in this study matched the data obtained in other experimental and numerical studies on bone drilling [10, 19, 27, 28] .
Much higher levels of bone temperature were measured using infrared thermography when ultrasonic vibrations with frequency above 20 kHz was superimposed on the longitudinal axis of the drill for similar drill speed and feed rate [15] . A difference between the results of this study and that presented in [15] was due to different methods used in acquiring thermal data. Measurements of temperature in bone drilling using a thermocouple attached to the cutting edge of the drill provided higher temperatures compared to those where the thermocouple was imbedded in bone [4] . Contrary to the study where the effect of drilling speed and cooling conditions on necrosis penetration in bone material around the drill was studied [10] , this study only measured temperature distribution in bone at a specific distance from the drill. Necrosis penetration in bone tissue was observed for drilling speeds above 2500 rpm even in the presence of saline cooling [10] .
Temperature measurement in bone drilling is a daunting task. These can explain contradictions among the results presented in various research studies on bone drilling even for the similar drilling conditions and the type of cortical bone. Complex bone microstructure, which varies within a single bone as well as from bone to bone, is one of the reasons for those conflicting results, preventing adequate comparative analysis of results in different studies. It is hoped that advancements in experimental techniques and more reliable material models of bone will supply more precise data in the future.
Limitations of this study
The effect of cooling at various drilling depths on bone temperature requires further investigations. Due to limited heat transport capability of bone, the drilling temperatures in the presence of cooling need to be measured using non-contact methods such as infrared thermography instead of inserting thermocouples in the bone. However, reliable values of emissivity of the bone tissue will be required for this approach. Besides, this technique is limited to the surface measurements. The used FE model was based on isotropic and homogeneous material properties. A more detailed FE model of the process is needed accounting for mechanical and thermal anisotropy of bone. In addition, the FE model based on temperature-dependent material properties will predict more reliable data of bone temperature in drilling, though the level of temperature changes is moderate. Further studies are suggested to investigate histopathology of bone tissue for drilling speeds in excess of 3000 rpm and feed rate higher than 70 mm/min since these parameters are technical requirement in bone drilling.
There is a vast variation of physical properties of bone of various living species. Physical properties of human bones strongly depend on age and sex. Exact measurement of thermal properties of bone, and, hence, its threshold level, is a difficult task. Investigations are still underway to estimate a thermal threshold level for a specific type of bone. All the previous results -including those in this studyprovided an estimate of this parameter based on the fraction of dead bone cells in a specified region. Exact estimation of the temperature, which may cause bone necrosis, will be the topic of future studies.
The physical properties of bone are strongly linked with its microstructure. It is well documented that porosity of cortical bones ranges between 5% and 10%. Cortical bone contains various different structures at many scale levels. The level of porosity is due to the resorption cavities, gaps between interlamellar structures and tiny vessels. Such imperfection in the continuous structure of the bone may contribute to the loss of heat transport within bone. This study could not explain the causes behind the variation in bone temperature in experiments related to unique structure of bone and is left for future investigation. One of the ways to explain this variation is to measure the porosity using, e.g. x-ray computed tomography and relate the level of heat transport in bone with porosity.
Conclusion
Temperature in bone exposed to a drilling procedure was measured and predicted using a series of experiments and numerical simulations. Drilling parameters (drill speed and feed rate) and irrigation temperature contributed to variations in bone temperature. The cooling in experiments was performed by supplying water to the drilling region and modelled as a convection heat transfer load on the workpiece (bone) in the developed FE model. The drilling speed above 2000 rpm and the feed rate in excess of 60 mm/min were found to be critical drilling parameters for inducing higher temperature in bone in the presence of irrigation at 25 • C. The drilling speed up to 3000 rpm and the feed rate up to 70 mm/min can be used for safe drilling in bone with irrigation at temperature of 5 • C. The temperature values predicted in numerical simulations agreed well with the experimental results and may be confidently used in future research to prevent the onset of thermal necrosis and enhance bone surgical procedures.
Lower cost, light weight and manoeuvrability are the factors for using hand-held surgical drills in orthopaedics. Unfortunately, conventional surgical drills have no system to provide feedback about the drill speed, feed rate, drilling force and temperature arising during the process. Surgeons can roughly estimate the feed rate if the depth of drilling and the time to achieve that depth are known. Results of this study can be more useful for clinics using robotical or other advanced surgical systems. Such systems will use a thermal response of the drilled bone to adjust drilling parameters to optimal levels automatically.
